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In this issue of Developmental Cell, Layalle et al. reveal new insights into how nutrition controls body size
in Drosophila. Nutrition specifically affects the activity of target of rapamycin (TOR) in the prothoracic gland.
Under low-nutrition conditions, TOR suppresses ecdysone secretion—which otherwise terminates larval
development—thereby prolonging growth and allowing larvae to still attain a near-normal body size.Almost every species has a characteristic
adult body size. How body size is regu-
lated has been a challenging puzzle be-
cause it is easily altered by environmental
conditions. Moreover, selection experi-
ments have shown that most species har-
bor plenty of genetic variation for body
size, which makes it all the more remark-
able that it is typically so stable and sug-
gests a careful regulatory mechanism.
The recent work of Layalle et al. (2008) in
this issue of Developmental Cell now pro-
vides the first insight into an entirely novel
mechanism that operates in Drosophila.
The physiological mechanisms that
control body size are best understood
in insects. Insect adult size is determined
by the size at which a larva begins meta-
morphosis. The universal signal that
terminates larval development is a pulse
of 20-hydroxyecdysone at the end of
larval life, which causes the larva to stop
feeding. Because this pulse of ecdysone
effectively stops growth, it is the mecha-
nism that controls the timing of this pulse
that controls body size. The mechanisms
that control this timing event have proven
to be diverse.
Two very simple mechanisms are
known. In the Hemiptera, a critical degree
of stretch of abdominal stretch receptors,
caused by either a single large meal in the
bloodsucking bugs Rhodnius and Dipeta-
logaster or a series of smaller meals in the
milkweed bug Oncopeltus, stimulates
secretion of a brain neuropeptide, the pro-
thoracicotropic hormone (PTTH), which
then stimulates the secretion of ecdysone
(Figure 1). In the dung beetle Onthopha-
gus, by contrast, it is simply the exhaus-
tion of food that does the trick (larvae are
buried with a ball of dung and cannot get
more food when this supply runs out).When a larva is removed from its food, it
secretes ecdysone about 48 hr later
(Shafiei et al., 2001).
In other insects, the control of timing is
more complicated. In the moth Manduca
and the fruit fly Drosophila, growth in the
last larval instar can be divided into two
phases that are separated by the critical
weight (Figure 1). In Manduca, the critical
weight occurs in about the middle of the
last larval stage and is a discrete multiple
of the initial weight of the instar (Nijhout
et al., 2006). In this insect, the secretion
of ecdysone in the last larval instar is in-
hibited by juvenile hormone (JH), and the
critical weight marks the time when JH
secretion stops and expression of JH-
esterase, a catabolic enzyme, increases
dramatically. When JH is cleared ecdy-
sone secretion is no longer inhibited. The
time required for the elimination of JH is
constant for a given genetic strain and is
not affected by nutrition. The critical
weight effectively divides growth in the
last larval stage into two periods, an initial
period whose length depends on nutrition
and ends when the critical weight is
reached and a terminal growth period
whose duration is constant and does not
depend on nutrition. Even absolute star-
vation during the terminal growth period
does not affect its duration and results in
small but completely viable adults.
In Drosophila too, there is a critical
weight (also called the minimal viable
weight) in about the middle of the last lar-
val instar. Larvae starved before reaching
this weight do not survive to adulthood,
but if starved above the critical weight,
they form viable though small adults. A
number of attempts have been made in
recent years to try to fit the control of Dro-
sophila body size into theManducamodelDevelopmental Cell 15for endocrine regulation, with mixed suc-
cess (e.g., Mirth et al., 2005; McBrayer
et al., 2007;Shingleton et al., 2005;Stieper
et al., 2008). The primary obstacle is that
there is as yet no demonstrated role for
JH in the control of timing ofmetamorpho-
sis inDrosophila. In addition, there is some
debate as to whether the minimal viable
weight of Drosophila is in any way analo-
gous to the critical weight ofManduca.
The work of Pierre Le´opold’s group
(Layalle et al., 2008) now provides the first
insight into the mechanism that controls
the terminal growth period in Drosophila.
They show that low nutrition lengthens
the duration of this period (allowing larvae
to grow to a near-normal size), and this is
due to a specific downregulation of the
target of rapamycin (TOR) in the protho-
racic gland, which reduces ecdysone pro-
duction. Thus ecdysone is not able to rise
to the high peak that typically causes the
cessation of feeding and entry into meta-
morphosis. The prolonged growth phase
and increased body size can be rescued
(i.e., reduced) by feeding larvae on a me-
dium containing 20-hydroxyecdysone.
Apparently, a distinct pulse of ecdysone
secretion is not required to induce cessa-
tion of feeding and metamorphosis. This
is in keeping with finding on other insects
that ecdysone appears to have a cumula-
tive effect so that longer periods of low
ecdysone produce the same develop-
mental effect as a brief high pulse. Indu-
cing TOR activity by upregulating the
expression of dRheb—an upstream acti-
vator of TOR complex 1—in the protho-
racic glands of undernourished larvae
restores normal ecdysone production
and shortens the terminal growth period.
Layalle et al. (2008) further show that
TOR inhibition only affects development, October 14, 2008 ª2008 Elsevier Inc. 491
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fore. It is thus possible that nutrition is only
sensed during this period and that re-
duced TOR activity reduces ecdysone se-
cretion by either diminishing the capacity
of the prothoracic gland to secrete ecdy-
sone or its capacity to respond to PTTH.
Importantly, Layalle et al. (2008) show
that PTTH expression is not affected by
nutrition, which is further evidence that
the control of developmental timing lies
in the prothoracic gland itself and not in
the upstream neuroendocrine regulation
of the gland.
Sowhat is the normal course of events?
In Drosophila, variation in nutrition does
not affect the critical weight, but it does
affect how long it takes to reach the criti-
cal weight, just as in Manduca. But then
the mechanisms diverge, and instead of
the invariant terminal growth period of
Manduca, Drosophila can vary the length
of this period, so that under diminished492 Developmental Cell 15, October 14, 2008nutrition, and slower growth, this period
is extended, allowing the larva to grow
to a near-normal final size. Presumably,
the imaginal disk feedback mechanism
recently described by Stieper et al. (2008)
can also act at this time. This work shows
that growing imaginal disks inhibit ecdy-
sone secretion via a yet unknown signal-
ing mechanism, and the cessation of
imaginal disk growth is required to relieve
this inhibition.
These are liberating findings, because
they show that the mechanism in Dro-
sophila is quite different from that eluci-
dated in Manduca. So this work raises
the known mechanisms that control the
timing of ecdysone secretion at the end
of larval life in insects to four (Figure 1).
Why so many mechanisms? This is not
entirely surprising, since developmental
mechanisms that play out late in postem-
bryonic development are often adapta-
tions to particular life histories and envi-ª2008 Elsevier Inc.ronments, so a great diversity is not
unexpected. Indeed, we should expect
to find a great many more.
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Shingleton, A.W. (2008). Dev. Biol. 321, 18–26.Figure 1. Four Mechanisms for Final Body Size Regulation under Conditions of Varying Nutrition and Growth Rates in Insects
In all insects, ecdysone secretion at the end of the larval stage stops feeding and growth and fixes the final body size. InManduca, ecdysone secretion occurs
a constant time after the critical size is passed. Low nutrition during this terminal growth period slows growth and diminishes final body size. In Drosophila, the
terminal growth period is plastic and responds to nutrition via TOR signaling. Low nutrition lengthens the terminal growth period, so that slow growth has little
effect on final body size. In Rhodnius, Dipetalogaster, and Oncopeltus, abdominal stretch reception by feeding triggers ecdysone secretion and stops growth at
a fairly constant body size. In Onthophagus, exhaustion of the food supply results in ecdysone secretion 48 hr later; thus, variation in food supply dramatically
affects body size in this insect.
